Magneto-gyrotropic photogalvanic effects in quantum wells are reviewed. We discuss experimental data, results of phenomenological analysis and microscopic models of these effects. The current flow is driven by spin-dependent scattering in low-dimensional structures gyrotropic media resulted in asymmetry of photoexcitation and relaxation processes. Several applications of the effects are also considered.
I. INTRODUCTION
The spin of electrons and holes in solid state systems is an intensively studied quantum mechanical property showing a large variety of interesting physical phenomena. One of the most frequently used and powerful methods of generation and investigation of spin polarization is optical orientation 1 . Besides purely optical phenomena, like circularly polarized photoluminescence, the optical generation of an unbalanced spin distribution in a semiconductor may lead to spin photocurrents. Light propagating through a semiconductor and acting upon mobile carriers can generate a dc electric current, under short-circuit condition, or a voltage, in the case of open-circuit samples. A spin photocurrent was proposed for the first time in 2 (see also 3 ) and thereafter observed in bulk AlGaAs 4 . In these works it have been shown that an inhomogeneity of the spin polarized electrons results in a surface current due to spin-orbit interaction. A gradient of spin density was obtained by making use of the strong fundamental absorption of circularly polarized light at the band edge of the bulk semiconductor. Recent studies 5 demonstrated that spin photocurrents can also be generated by homogeneous spin polarization caused by absorption of circularly polarized radiation in low-dimensional systems, like circular photogalvanic effect or spin-galvanic effect (SGE), or even as a result of the illumination with unpolarized radiation due to magneto-gyrotropic photogalvanic effects (MGE). All these phenomena are gathered in the class of photogalvanic effects (PGE), which, by definition, appear neither due to inhomogeneity of optical excitation of electron-hole pairs nor due to inhomogeneity of the sample.
In this paper we consider only the magnetic field induced photogalvanic effects in lowdimensional semiconductor structures. Moreover, we focus the attention here on the spinphotogalvanics and discuss spin-related mechanisms of magneto-gyrotropic photogalvanic effects due to the Larmor precession induced spin-galvanic effect and caused by zero-bias spin separation. Microscopic mechanisms of these phenomena are given in section II. They are based on the spin-orbit coupling which provides a versatile tool to generate and to manipulate the spin degree of freedom in low-dimensional semiconductor structures. In general zero-bias spin separation and spin-galvanic effect do not require an application of an external magnetic effect and for some mechanisms even light. However, they have been demonstrated and are most intensively studied applying MGE technique. The macroscopic features of all magneto-gyrotropic effects discussed here, e.g., the possibility to generate a photocurrent, its behaviour upon variation of radiation polarization, crystallographic orientation, experimental geometry etc. are described in the frame of a phenomenological presented in section III.
Phenomenological theory operates with conventional vectors, or polar vectors, and pseudovectors, or axial vectors, and indeed does not depend on details of microscopic mechanisms.
section IV gives a short account of the experimental technique. In section V the experimental results are presented and discussed in view of the theoretical background. In this section
we also discuss applications of MGE, in particular, we analyze spin splitting of subbands in k-space due to bulk inversion asymmetry (BIA) and structural inversion asymmetry (SIA) in QWs of various crystallographic orientations.
II. MICROSCOPIC MODELS A. Spin-galvanic effect
In a system of free carriers with nonequilibrium spin-state occupation but equilibrium energy distribution within each spin branch, the spin relaxation can result in the generation of an electric current 6 . This effect is called the spin-galvanic effect 7 . Phenomenologically, an electric current can be linked to the electron's averaged spin polarization S by
For (001)-grown zinc-blende structure based QWs of C 2v -symmetry this equation reduces to j x = Q xy S y and j y = Q yx S x . Here we choose the coordinate system as x [110], y [110] and z [001].
Spin-galvanic effect generally does not require optical excitation, in fact, the nonequilibrium spin can be achieved both by optical and non-optical methods, e.g., by electrical spin injection. If the nonequilibrium spin, however, is produced by optical orientation proportional to the degree of light circular polarization, P circ , the current generation can be reputed as a photogalvanic effect. Under pure optical excitation the spin-galvanic effect is usually observed simultaneously with the circular photogalvanic effect. At this condition two effects can be experimentally separated in time resolved experiments or by spectral measurements.
However, an another method, which, on the one hand, provides a nonequal population of spin subbands and, on the other hand, excludes the circular PGE was proposed in 7 . The method is based on the use of optical orientation at normal incidence and the assistance of an external magnetic field to achieve an in-plane polarization in (001)-grown low-dimensional structures (see figure 1). For normal incidence the spin-galvanic effect as well as the circular PGE vanish. Thus, the spin polarization S 0z along the z-axis is achieved but no spin-induced photocurrent is generated 8 . An in-plane spin component, necessary for the spin-galvanic effect, arises in an in-plane magnetic field. The field perpendicular to the initially oriented spins (e.g., B x) rotates them into the plane of the two-dimensional electron gas (2DEG) due to the Larmor precession (Hanle effect). The nonequilibrium spin polarization S y is given by
where τ s = √ τ s τ s⊥ , τ s and τ s⊥ are the longitudinal and transverse electron spin relaxation times, and ω L is the Larmor frequency. Spin-galvanic effect investigated in such geometry belongs to the class of magneto-gyrotropic effects. A characteristic feature of the magnetogyrotropic effect due to the spin-galvanic effect is that the current reverses its direction upon changing the radiation helicity from left-handed to right-handed and vice versa as well as upon reversing of the in-plane magnetic field direction. This follows from the equation (1) showing that the current direction is given by the direction of the in-plane nonequilibrium spin which changes upon reversing of radiation helicity or the magnetic filed.
Microscopically, the spin-galvanic effect is caused by asymmetric spin-flip relaxation of spin polarized electrons 7 in systems with k-linear contributions to the effective Hamiltonian H k = lm β lm σ l k m , where k is the electron wave vector, σ l are the Pauli spin matrices and β lm are real coefficients. The coefficients β lm form a pseudo-tensor subjected to the same symmetry restriction as the transposed pseudo-tensor Q. The sources of Dresselhaus and Rashba k-linear terms are the bulk inversion asymmetry 9 and a structural inversion asymmetry 10 , respectively. For a 2DEG system, these terms lead to the situation sketched in figure 2 . To be specific we show the energy spectrum along k x with the spin dependent term β yx σ y k x of (001)-grown zinc-blende structure based QWs of C 2v -symmetry and describe the corresponding current j x = Q xy S y .
Spin orientation in y-direction causes the unbalanced population in the subbands. The B. Zero-bias spin separation and magneto-gyrotropic effects
For linearly polarized radiation magneto-gyrotropic effect due to the spin-galvanic effect vanishes because the light absorption does not result in the nonequilibrium spin. However, in an external magnetic field other kinds of spin photocurrents may be generated even by unpolarized radiation as it has been proposed for bulk gyrotropic crystals 12 . The microscopic mechanisms of this type spin photocurrents in low-dimensional structures have been developed most recently to describe terahertz (THz) radiation induced photocurrents observed in GaAs-, InAs-, SiGe and GaN-based structures 5 . It has been shown that free carrier absorption of THz radiation results in a pure spin current and corresponding spin separation achieved by spin-dependent scattering of electrons in gyrotropic media. The pure spin current in these experiments is converted into an electric current by application of a magnetic field which polarizes spins due to the Zeeman effect yielding magneto-gyrotropic effects.
Spin separation due to spin-dependent scattering in gyrotropic media can be achieved in various ways but all of them must drive the electron gas into a nonequilibrium state.
One straightforward method used here is to heat the electron system by THz or microwave radiation. Figure 3 (a) sketches the process of energy relaxation of hot electrons for the spin-up subband (s = +1/2) in a quantum well containing a two-dimensional electron gas.
Energy relaxation processes are shown by curved arrows. Usually, energy relaxation via scattering of electrons is considered to be spin-independent. In gyrotropic media, like lowdimensional GaAs structures or asymmetric SiGe QWs, however, spin-orbit interaction adds an asymmetric spin-dependent term to the scattering probability 13 . This term in the scattering matrix element is proportional to components of [σ × (k + k ′ )], where σ is the vector composed of the Pauli matrices, k and k ′ are the initial and scattered electron wave vectors.
Due to spin-dependent scattering, transitions to positive and negative k ′ x -states occur with different probabilities. Therefore hot electrons with opposite k x have different relaxation rates in the two spin subbands. In figure 3 (a) this difference is indicated by arrows of different thickness. This asymmetry causes an imbalance in the distribution of carriers in both (Drude-like absorption). Here, scattering is assumed to have a larger probability for positive k x than that for negative k x as indicated by arrows of different thickness. Therefore in (a) the energy relaxation rates for positive k x are larger than for negative k x and in (b) the rates of optical transitions for opposite wave vectors are different. This imbalance leads to a net spin-up electron flow. In the spin-down subband the picture is mirror symmetric, resulting in a net spin-down electron flow of opposite direction. Thus at zero magnetic field a pure spin current is generated.
The corresponding electric currents have equal magnitudes and therefore cancel each other. An in-plane magnetic field, however, lifts the compensation of the oppositely directed electron flows yielding a charge current (after Ref. 13 ).
subbands (s = ±1/2) between positive and negative k x -states. This in turn yields a net electron flows, i ±1/2 , within each spin subband 13 . Since the asymmetric part of the scattering amplitude depends on spin orientation, the probabilities for scattering to positive or negative k ′ x -states are inverted for spin-down and spin-up subbands. Thus, the charge currents, j + = ei +1/2 and j − = ei −1/2 , where e is the electron charge, have opposite directions because i +1/2 = −i −1/2 and therefore they cancel each other. Nevertheless, a finite pure
is generated since electrons with spin-up and spin-down move in opposite directions. This leads to a spatial spin separation and spin accumulation at the edges of the sample 14 .
As addressed above pure spin current and zero-bias spin separation can be converted into a measurable electric current by application of a magnetic field and resulting in the magneto-gyrotropic effects. Indeed, in a Zeeman spin-polarized system, the two fluxes i ±1/2 , whose magnitudes depend on the free carrier densities in spin-up and spin-down subbands, n ±1/2 , respectively, do no longer compensate each other and hence yield a net electric current (see figure 3 ). For the case, where the fluxes i ±1/2 are proportional to the carrier densities n ±1/2 , the charge current is given by
where
is the magnitude of the average spin. An external magnetic field B results in different populations of the two spin subbands due to the Zeeman effect. In equilibrium the average spin is given by
Here g is the electron effective g-factor, µ B the Bohr magneton,ε the characteristic electron energy being equal to the Fermi energy ε F , or to the thermal energy k B T , for a degenerate or a non-degenerate 2DEG, respectively 13 .
Similarly to the relaxation mechanism, optical excitation of free carriers by Drude absorption, also involving electron scattering, is asymmetric and yields spin separation 13 . Drude absorption is caused by indirect intraband optical transitions and includes a momentum transfer from phonons or impurities to electrons to satisfy momentum conservation. and applying a magnetic field results in a net electric current.
III. PHENOMENOLOGICAL THEORY
Phenomenological theory of magneto-gyrotropic effects describes dependences of the photocurrent magnitude and direction on the radiation polarization state and the orientation of the magnetic field with respect to the crystallographic axes. Within the linear approximation in the magnetic field strength B, magneto-gyrotropic effects are given by
Here the fourth rank pseudo-tensor φ is symmetric in the last two indices, E γ are components of the complex amplitude of the radiation electric field E. In the following the field is presented as E = E 0 e with E 0 being the modulus |E| and e indicating the (complex) polarization unit vector, |e| = 1. The symbol {E γ E ⋆ δ } means the symmetrized product of the electric field with its complex conjugate,
In the second term on the right hand side of equation (5) µ is a regular third rank tensor, P circ is the helicity of the radiation andê is the unit vector pointing in the direction of light propagation. While the second term in equation (5) requires circularly polarized radiation and represents the spin-galvanic effect, the first term may be non-zero even for unpolarized radiation.
For (001)-oriented asymmetric QWs based on zinc-blende lattice III-V compounds and belonging to C 2v point group the phenomenological equation (5) for the magneto-photogalvanic effects induced by normally-incident radiation reduces to
y + e y e *
where, for simplicity, we set for the intensity I = E 2 0 . Here the parameters S 1 to S ′ 4 correspond to the non-zero components of the tensors φ and µ allowed by the C 2v point group and only in-plane components of the magnetic field are taken into account.
For linearly polarized radiation at normal incidence and B y we have
where α is angle between the radiation polarization vector e and y-axis.
If in experiments an elliptically polarized radiation is used the spin-galvanic effect described by the last terms in equations (7) can also be non-zero. A convenient way of variation of polarization state is passing laser radiation, initially linearly polarized along x-axis, through a λ/4-plate. Rotation of the plate by an angle ϕ changes helicity and the azimuth angle of the ellipse. The helicity P circ of the incident light varies from −1 (left handed, σ − )
to +1 (right handed, σ + ) according to P circ = sin 2ϕ and the degree of linear polarization P lin = sin 4ϕ/4. The total current for normal incidence and B y is described in this case by
It is seen that all four contributions are characterized by different dependences of the photocurrent magnitude and direction on the radiation polarization state and the orientation of the magnetic field with respect to the crystallographic axes. As a consequence, a proper choice of experimental geometry allows one to investigate each partial photocurrent separately.
IV. METHODS
For optical excitation mid-infrared, terahertz and visible laser radiation was used. Most of the measurements were carried out in the infrared with photon energies less than the energy gap of investigated semiconductors. For investigations of spin photocurrents infrared excitation has several advantages. First of all below the energy gap the absorption is very weak and therefore allows homogeneous excitation with marginal heating of the 2DEG. 
V. EXPERIMENTAL RESULTS AND DISCUSSION
A. Magneto-gyrotropic effect due to the Larmor precession induced spin-galvanic photocurrent Magneto-gyrotropic effect due to the Larmor precession induced spin-galvanic photocurrent has been observed for (001)-grown n-type GaAs and InAs QWs as well as for (0001)-grown GaN/AlGaN structures applying both, visible and THz radiation 7, 16 . This effect has been described in details in several recent reviews 5,17,18 and we will address here only main features of this phenomena and discuss its application to investigation of inversion asymmetry in quantum well structures.
Most of experiment has been carried out applying experimental geometry described in section IV and sketched in figure 1 . The magneto-gyrotropic effect due to spin-galvanic effect manifest itself by the presence of the current contribution j ∝ BP circ , which reverses its direction upon both, switching the radiation handedness for a fixed magnetic field, and changing of the in-plane magnetic field direction at fixed radiation helicity. Typical helicity dependence for two directions of magnetic fields is shown in figure 5 . For low magnetic fields B, where ω L τ s < 1 holds, the current increases linearly as expected from equations (1) In some experiments, carried out at low temperature and for higher magnetic fields, it is observed that with rising magnetic field strength the current assumes a maximum and decreases upon further increase of B 7 . This drop of the current is ascribed to the Hanle effect 1 . The experimental data are well described by equation (2) . The observation of the Hanle effect demonstrates that free carrier intra-subband transitions can polarize the spins of electron systems. The measurements allow one to obtain the spin relaxation time τ s from the peak position of the photocurrent where ω L τ s = 1 holds 7 .
We note that the observation of the mid-infrared and terahertz radiation excited spingalvanic effect, which is due to spin orientation, gives clear evidence that direct intersubband and Drude absorption of circularly polarized radiation result in a monopolar spin orientation.
Mechanisms of the monopolar spin orientation were analyzed in 20, 21 .
The microscopic theory of the SGE in QWs was developed in 16, 22 . Within the model of elastic scattering the current is not spin polarized since the same number of spin-up and spin-down electrons move in the same direction with the same velocity. The spin-galvanic current can be estimated by
and the similar equation for j y , where n s is the 2DEG density, τ (10) does not depend on the momentum relaxation time. The in-plane average spin, e.g., S y in equation (10), decays with the total spin relaxation time τ s and, hence, the time decay of the spin-galvanic current following pulsed photoexcitation is described by the exponential function exp (−t/τ s ). In contrast, the circular PGE current induced by a short-pulse decays within the momentum relaxation time τ p allowing to distinguish these two effects in time resolved measurements.
In general, in addition to the kinetic contribution to the current there exists the so-called relaxational contribution which arises due to the k-linear terms neglecting the Elliott-Yafet spin relaxation, i.e., with allowance for the D'yakonov-Perel' mechanism only 24 .
An important application of the spin-galvanic is addressed in 25 . It is demonstrated that angular dependent measurements of spin photocurrents allow one to separate the Dresselhaus and Rashba terms. These experiments were carried out on (001)-oriented QWs for which linear in wave vector part of Hamiltonian for the first subband reduces to
where the parameters α and β result from the structure-inversion and bulk-inversion asym- 
k gets the form β xy σ x k y + β yx σ y k x with β xy = β + α, β yx = β − α. According to equation (10) the current components j x , j y are proportional, respectively, to β xy and β yx and, therefore, angular dependent measurements of spin photocurrents allow one to separate the Dresselhaus and 
The nonequilibrium in-plane spin polarization S is prepared as described in section IV (see also figure 6(a) ). The angle between the magnetic field and S can in general depend on details of the spin relaxation process. In these particular InAs QW structures the isotropic Elliott-Yafet spin relaxation mechanism dominates. Thus, the in-plane spin polarization The effect inverse to the spin-galvanic effect is the electron spin polarization generated by a charge current j. It was predicted in 27 and observed in bulk tellurium 28 . It was futher demonstrated that spin orientation by current is also possible in QW systems 29, 30, 31 In some structures, however, the helicity dependence of the photocurrent is not as simple as shown in figure 5 , where current is proportional to the radiation helicity. It has been observed that the dependence of the magneto-induced photocurrent can show beatings caused by interplay of two terms, one being ∝ sin 2ϕ and the other ∝ sin 4ϕ. The latter term stems for the MGE due to zero-bias spin separation and in some structures can even play a dominant role overweighting the spin-galvanic effect. Such an interplay is shown in figure 7 for GaN/AlGaN heterojunction for photocurrent measured along magnetic field. Similar dependences have been observed in GaAs-and InAs-based QWs. The contribution ∝ sin 4ϕ directly follows form the phenomenological theory (see equation (5)) and corresponds to the degree of linear polarization describing by the Stokes parameter P lin = sin 4ϕ/4. It can be investigated without admixture of the spin-galvanic effect applying linearly polarized radiation. In the next subsection we consider details of this type of magneto-gyrotropic effects. 
B. Magneto-gyrotropic effects due to the zero-bias spin separation
Magneto-gyrotropic effects due to the zero-bias spin separation do not require circularly polarized light and can be observed applying linearly polarized or even unpolarized radiation. As in the previous case of the spin-galvanic effect the current pulse follows the excitation pulse shape and its direction reverses upon the change of the magnetic field direction, however it does not depend on the radiation handedness. Figure 8 shows a typical variation the photocurrent upon changes of the azimuth angle α for the in-plane magnetic field aligned along y-axis, B y . The data are obtained for (001)-grown GaAs/AlGaAs heterojuncton at normal incidence with terahertz radiation resulting in the Drude-like absorption 13 . The polarization dependence of the current j is good described by the phenomenological equations (8) and correspondingly can be well fitted in the transverse geometry by j x = j 1 cos 2α + j 2 , and by j y = j 3 sin 2α for the longitudinal geometry. In the following we will use following definitions j 1 = S 2 B y I, j 2 = S 1 B y I, j 3 = S photocurrent detected in the direction perpendicular to the magnetic field a polarization independent offset is observed, demonstrating that this effect can appear at the excitation with unpolarized radiation.
The variation of the photocurrent strength and direction upon changing of the azimuth angle is characteristic for MGE due to Drude absorption 15 . In this case the polarization dependences of the photocurrent remain the same, independent of temperature, wavelength and material. An increased wavelength at constant intensity results in an increased signal strength only. The wavelength dependence for both configurations is described by j ∝ λ 2 for and at low temperatures S ∝ 1/ε F ∝ 1/n s (see equation (4)), the current j/I ∝ τ p η(ω)S is constant and independent of τ p and n s . At high temperatures S is sufficiently well described by the Bolzmann distribution and hence S ∝ 1/k B T , see equation (4) . Therefore, the current j is proportional to n s /T and becomes temperature dependent, concordant with
experiment. An example of such a temperature behaviour is shown in figure 9 where the temperature dependences of the currents j 1 and j 2 corresponding to the excitation and relaxation mechanisms is depicted. The data are obtained in an n-type SiGe QW structure for the magnetic field 0.6 T under excitation with radiation of λ = 148 µm wavelength.
The theory of the magneto-gyrotropic effect due to zero-bias spin separation caused by
Drude absorption and relaxation of heated electron gas has been developed in 13 . Besides characteristic temperature and polarization dependences this theory demonstrates that the photocurrent is proportional to the degree of inversion asymmetry. This is a natural results because the asymmetry of scattering is due to BIA/SIA. The experiments carried out on samples with different degree of asymmetry shows that the current strength is indeed proportional to the degree of structural asymmetry. Moreover photocurrent reverses its direction upon reversing of sign of the SIA contribution. This is demonstrated by the figure 10 which shows j 1 and j 2 attributed to the photoexcitation ( figure 3(b) ) and to the relaxation ( figure 3(a) ) mechanisms, respectively. Due to the larger g-factor of sample 4 (InAs QW), causing larger average spin S, the currents are largest for this structure. The other three samples are GaAs-based heterostructures which differ in structural inversion asymmetry. The degree of SIA is reflected in the magnetic field dependence of the photocurrent displayed in figure 11 . The currents shown in this figure are directly proportional to the applied field but the slope of j x (B y ) is sample dependent. The largest slope is obtained for sample A with the strongest asymmetry while the slope vanishes for the symmetric sample E. In case of sample D, having opposite SIA, also the slope is negative.
We consider MGE induced by radiation polarized along the x-axis, as used in this experiment. For this geometry, the MGE current 
with tensors components φ SIA xyxx and φ BIA xzxx determined by the degree of the SIA and BIA, respectively. If the magnetic field is applied in y-direction the last term in equation (13) becomes zero and the MGE current is determined solely by the degree of SIA.
The experiment displayed in figure 11 shows that the magnitude of the j(B y )-slope strongly depends on the doping profile. Furthermore, if the doping profile is reversed (from sample B to D), the slope of the photocurrent gets reversed, too (see figure 11) . As the MGE current is proportional to the SIA coefficient, these observations demonstrate that the position of the doping layer can be effectively used for tuning the structure asymmetry strength. In particular, the sign of φ SIA xyxx can be inverted by putting the doping layer to the other side of the QW.
While for an in-plane magnetic field the photogalvanic effect, described by equation (13) , is observable in asymmetrical structures, it is forbidden in symmetrically grown QWs with the higher point group symmetry C 2v . This is caused by the presence of an additional mirror plane, m 2 , being parallel to the QW plane of symmetrically grown (110)-structures. Indeed, For this symmetry equation (5) is reduced to
This equation fully describes the data taken from sample E obtained for in-plane magnetic field ( figure 11 ) and out-of-plane magnetic field ( figure 12 ). There, no MGE is observed for in-plane magnetic field but a sizeable effect is detected for B applied normal to the QW plane. In case of sample E, the absence of a magnetic field induced photocurrent in an in-plane B indicates that the QW is highly symmetric and lacks the structure asymmetry.
The signal, observed in the same structure for an out-of-plane B z -field stems from the BIA term (see equation (14) measured in the symmetrically doped QW sample E and the asymmetrically doped QW samples B and D (figure 13). We extract the spin lifetime τ s from time-resolved Kerr rotation (TRKR) measurements. The time evolution of the Kerr rotation angle tracks the spin polarization within the sample. By fitting an exponential decay function to the data, τ s is determined. In correspondence to the above photocurrent measurements, indicating a larger degree of asymmetry of the samples B and D compared to E, τ s in sample E is found to be more than three times larger than that in sample B and about two times larger than in sample D.
